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Abstract 
In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge
of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 
On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 
Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 
The repair of compressor blades requires a precise coordination of the material deposit and the subsequent re-contouring process. Since re-
contouring is the last step in the process chain, it is a crucial stage for the final part quality and shape. Therefore, machining-induced part 
distortions must be considered in process design. This paper introduces a method for the simulation-based compensation of part distortions. The 
method combines process planning and evaluation by means of a geometric simulation. In order to validate the approach, milling experiments 
are carried out. A subsequent measurement of the part geometry shows that the part distortion can be reduced by up to 21% using the presented 
approach.  
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1. Introduction 
The MRO (Maintenance, Repair and Overhaul) market 
expects a growth rate of 4.1% per year until 2025. Especially 
the annual spending in t e sectors “engine repair” and 
“engine overhaul” is going to increase about $13.7 billion 
each year. Therefore, aerospace companies will allocate 
more of their financial resources to new MRO technology 
[1]. This includes innovation and automation of repair 
processes for turbine blades. In most cases, the repair process 
consists of the following steps: pre-inspection, geometric 
reconstruction, material deposit (laser welding or patch 
welding), re-contouring (machining) and post-inspection. 
Re-contouring, e.g. by milling, is defined as the 
restoration of the former shape of the part. Consequently, it 
determines the final part geometry and surface quality. 
Because of the strict safety regulations in engine repair, tight 
tolerance must be met by the re-contouring process. [2–4]. 
At the same time, the repair of damaged blades or vanes is 
highly specific, due to thermic induced creeping during 
engine operation and individual damages. 
At the beginning of the repair process, the individual 
target shape of the part must be known. For that purpose, the 
blade is virtually reconstructed by reverse engineering (RE) 
using methods from computer-aided design (CAD). This task 
is automatized for damages in the mid profile height of 
blades [5–7]. For the subsequent material deposit, laser 
welding is increasingly used as this process causes less heat 
input into the material than conventional welding 
technologies [5, 8–11]. Afterwards, machining operations 
are used for restoring the shape of the blade. In re-
contouring, the cutting parameters affect the part quality and 
the resulting performance of the blade as well [2,12,13]. E.g. 
in repair of thin-walled blades, the process-induced residual 
stresses cause part distortions. Wang and Sun examine the 
impact of residual stresses on the blade shape after milling 
and prove that form errors result due to residual stresses [14]. 
In order to predict residual-stresses-induced part distortion, 
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Because of the strict safety regulations in engine repair, tight 
tolerance must be met by the re-contouring process. [2–4]. 
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the resulting performance of the blade as well [2,12,13]. E.g. 
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finite element analyses (FEA) are suitable [15]. For the 
prognosis, the distortion stemming from machining is mostly 
reduced to an elastic-plastic body deformation due to 
external loads. Like Zhan et al. show in their FE approach, a 
fairly good prognosis of part distortion is possible. 
Nevertheless, the load due to machining force or residual 
stresses must be known in advance [16]. Moreover, meshing 
and re-meshing of the part geometry is needed when the part 
geometry changes. Due to individual repair cases in re-
contouring and the consequential varying engagement 
conditions, FEA is not feasible from a practical point of 
view. An alternative is the prognosis based on geometric 
cutting conditions. Regarding the prognosis of residual 
stresses in five-axis ball-end milling of Ti-6Al-4V, Denkena 
et al. have introduced the idea of surface generating forces. 
These are material dependent and relate to the cutting volume 
that directly forms the surface [17]. A parameter to describe 
residual stresses in the simulation is also useful for the 
evaluation of part distortion in the machining of simple 
plates. Consequently, the approach may allow to model the 
resulting part distortion in compressor blade re-contouring 
and adjust the process planning accordingly.  
In the first part of the article, a novel approach for the 
compensation of part distortions in milling thin-walled 
blades based on the surface-generating cut volume (SGCV) 
is introduced. The second part explains the experimental 
investigation of the presented approach in 5-axis milling. 
2. Compensation approach 
In re-contouring, if the process planning, process or 
machine behavior contains only small errors the valuable 
blade turns a scrap part afterwards. This is the reason why 
process time is of secondary importance and an increase of 
material removal rate is not intended. Presented 
compensation approach only considers part quality in terms 
of final part shape. Shape error caused by tool deflection in 
milling compressor blades has been addressed in another 
work [18]. Part distortion is invoked by locally induced 
residual stresses [17] but have global impact on part shape 
after unclamping the blade. Thus, it is a crucial task to reduce 
part distortion by adjusted processes. 
In order to reduce part distortion, it is necessary to 
minimize the residual stresses induced by machining. For 
that purpose, the compensation method must include three 
tasks. First, the method must allow the evaluation of the part 
distortion by means of a given tool path and process 
parameters. Second, the method should be able to derive 
suitable parameters that minimize process-induced residual 
stresses. Finally, the developed method must provide an 
individual tool path for each blade. In the following sections, 
all three elements and their interactions are presented. 
2.1. Evaluation of part distortion 
In order to avoid aforementioned problems of FE 
simulations, the part distortion is evaluated by the SGCV, 
which is obtained from a geometrical cutting simulation 
using IFW CutS [19]. The SGCV represents the cut volume 
that is removed by the tool while forming the final surface 
(see Fig. 1, bottom). Hence, the SGCV represents a fraction 
of the uncut chip thickness. Taking into account surface 
generating forces (SGF), which observe the chip thickness 
and the generated surface, the induced residual stresses can 
be predicted [20]. It has been shown in an earlier work by the 
authors that the SGCV correlates positively with the part 
distortion induced by residual stresses in re-contouring thin 
plates made of Ti-6Al-4V (see Fig. 1). Furthermore, the 
presented results reveal a high influence of lead and tilt angle 
on the resulting residual stresses and part distortion.  
 
Fig. 1. Correlation between maximum part distortion and simulated SGCV. 
The correlation of experimental results and the simulation 
parameter SGCV lead to the idea of compensating part 
distortion via adapting process parameters depending on 
SGCV. Hence, the presented method is based on a look-up 
table approach that connects the process parameter tool angle 
with the simulated SGCV. In order to generate a look-up 
table (called SGCV matrix in the following) simulations 
have been carried out with varying lead and tilt angle. The 
surface size (1 mm²) was kept constant as well as the feed 
rate (0.2 mm), the radial engagement (0.2 mm) and the axial 
engagement of the tool (30 µm). Lead and tilt angles were 
varied between +10° and +60° respectively. The SGCV was 
simulated for each resulting tool angle combination. Fig. 2 
depicts the resulting SGCV matrix as a three dimensional 
plot. It does not describe the absolute part distortion. Rather 
it connects induced part distortion with each angle 
combination. Hence the look-up table allows a selection of 
process parameters with a specific SGCV. 
A limiting boundary condition is the poor accessibility of 
the re-contouring area, which is a common problem that 
occurs in the repair of blade integrated disks (blisks). 
Furthermore, the damages on both sides of the blade area are 
different in size. Therefore, the idea is to provide a process 
parameter selection guide for the re-contouring of blades. 
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The process planning and parameter selection, described in 
the next section, have been tested for this scenario. The 
method in question considers the finishing process only. 
 
Fig. 2. SGCV matrix for the given process. Points represent single 
simulations. The grid is depicted only for orientation for the reader. 
2.2. Process planning 
2.2.1. Process parameter selection 
Fig. 3 summarizes the approach for selecting suitable 
process parameters of the re-contouring process. Based on 
external constraints (e.g. accessibility), an initial tool path is 
calculated by a CAM software. The path includes initial 
parameters (λinit and τinit). These are input parameters for the 
method in order to find optimal tool angles for both sides of 
the blade. Hence, for parameter selection the blade is 
simplified by two surfaces, called surface 1 and surface 2 in 
the following pages. The first step is determining the SGCV 
matrix for surface 1. This is achieved by multiplying the area 
of surface 1 by the initial SGCV matrix, which has been 
simulated for an area of 1 mm² (see section 2.1). The SGCV 
matrix for surface 1 represents the surface-generating cut 
volume that forms throughout the re-contouring of surface 1 
using different tool angle combinations. With the initial lead 
and tilt angle the value SGCV1 is determined. SGCV1 
represents the local minimum of SGCV for surface 1 within 
a specific search radius around λinit and τinit. The search radius 
is set to 10° in this case. This results in the tool angles λ1 and 
τ1 for surface 1. The value is defined by the scope in which 
the re-contouring is possible at the associated position of the 
blade regarding potential collision of the tool. Afterwards, 
the SGCV matrix for surface 2 is calculated equivalent to 
surface 1. For the determination of the tool angles at surface 
2, a local minimum of the difference between SGCV1 and 
SGCV2 must be found within the search radius. In order to 
compensate the part distortion, the difference of both SGCV 
must lie near zero. The resulting minimum ΔSGCV leads to 
the angles λ2, τ2 for surface 2.  
 
Fig. 3. SGCV-based process-parameter selection. 
For the identification of the limits of the described 
parameter-selection method, four different theoretical area 
sizes for surface 1 and the associated area sizes for surface 2 
have been selected. For each area pair, the best angle pair has 
been determined using the method in Fig. 3. The 
corresponding difference in SGCV1 and surface ratio of both 
areas are shown in Fig. 4.  
 
Fig. 4. Difference between SGCV1 and SGCV2 compared to surface area 
ratio for theoretical values of surface area 1. 
It can be seen that upper and lower surface ratio 
boundaries exist that allow a mutual compensation of SGCV 
on both sides of the blade. These are 0.75 and 1.45 
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respectively. Therefore, the induced residual stresses 
difference on both sides leads to an uncompensated blade.  
The resulting tool angles for both surfaces serve as input 
for the generation of the individual tool path, as described in 
the next section.  
2.2.2. Tool path modification 
After selection of the tool angles, the initial tool path is 
adapted to the individual blade. For that purpose, an 
algorithm for the automatic modification of the initial tool 
path is developed (see Fig. 5). The algorithm uses an 
interface to a CAM system and self-developed post-editing 
methods for CLSF-based (CLSF – cutter location source file) 
program descriptions. 
 
Fig. 5. Tool path modification for the compensation of the two-sided re-
contouring process of a part distortion. 
The modification of the initial tool path starts with 
trimming in longitudinal direction of the blade until the 
lowest excess material. The tip of the blade defines its 
highest point. This step is carried out within the CAM 
system. The CLSF of the initial tool path consists of all cutter 
location points of the process (CLP), referring to the tool 
center point.  
The CLSF is subsequently modified based on the tool 
envelope i for each CLP as well as the volumetric dexel 
discretization of the blade and the excess material. For each 
CLP, a boolean operation is applied to the appropriate tool 
envelope and the excess material. If an intersection is 
registered, the tool is re-contouring one of the two surfaces. 
In this case, the tool angle is modified for its optimization. 
Afterwards, the CLP is modified by adding a translational 
compensation movement to keep the tool contact on the 
blade surface after changing the tool angle. This leads to a 
new TCPi. If no intersection is registered, an offset in tool 
axis direction is added to the CLP.  
This method has shown a reduced axis movement in the 
re-contouring process. But more importantly, it increases 
process safety regarding tool collisions, as the initial tool 
path is only minimally modified. However, a collision-free-
template tool path and mainly uniform-clamping conditions 
of the blades are necessary. The downstream tool path 
modification is not necessarily required for the compensation 
of part distortion. It rather provides defined steps for a safe 
and automatic implementation of the previously selected tool 
angles.  
3. Experimental re-contouring of a blade 
In order to examine the efficiency of the above described 
method, analogy blades have been re-contoured 
experimentally. The blades were manufactured through 
milling. The additional excess material was modelled within 
the milling process as well. The profile of the blade is derived 
from a blisk profile, which presents an equal extrusion from 
the center cross section of the blade . This leads to a blade 
profile with zero twist angles for the blade (see Fig. 6 a). The 
blade material is Ti-6Al-4V. In order to simulate excess 
material, each side of the blade contains a circular survey of 
different sizes.  
 
Fig. 6. (a) Analog blade and (b) experimental procedure. 
The sizes were 24.5 mm (surface 1) and 27.5 mm (surface 
2), resulting in a surface ratio of 1.26.  
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The milling of the blade was conducted on a 5-axis 
milling center DMU 125P. After milling, a stress relief heat 
treatment in a vacuum oven was carried out by the Institute 
of Materials Science at the Leibniz University Hannover 
(IW). The manufacturing of the blade resulted in production 
tolerances. These tolerances had to be taken into account in 
the subsequent re-contouring process and were filtered out in 
the later experimental analysis. 
The milling of thin-walled parts contains high risk of 
workpiece vibrations. Hence, in industrial manufacturing 
and re-contouring a dividing head is used for blade clamping. 
As a divider was not accessible on the machine tool, an 
alternative approach for blade clamping was necessary. In 
this regard, a two-piece clamping device was developed, 
including a cartridge and a cover. These provide a clutching 
of the blade on both sides. Both parts include circular open 
pockets in areas where the circular surveys were located. For 
process planning, the two-piece clamping, including the 
clamped blade, was mounted with screws on a fixture. In 
order to reference the blade position with regard to the actual 
clamping, the whole assembly was scanned with an optical 
measurement system GOM ATOS Core 200 using light 
stripe projection (see Fig. 6 b).  
The scanned assembly was best-fit with the CAD model 
of the blade. The actual surface area (point cloud) was 
transferred into a NURBS surface using Siemens NX and the 
zero point was defined on the scanned corner of the fixture. 
The compensated CLSF was then adapted to the actual 
surface. For experimental analysis, the blade was measured 
with a coordinate measuring machine (CMM) after 
manufacturing and after re-contouring. In order to show the 
potential of the method, four blades were manufactured and 
re-contoured. This resulted in one experiment and one retry 
for each process strategy.  
 
Fig. 7. Experimental setup. 
For all experiments, a two-fluted ball end mill with rounded 
cutting edges was used. The coated ball end mill SECO Jabro 
Tornado had a diameter of 10 mm. Blade 1 and 2 were re-
contoured using a conventional strategy with constant tool 
angles over the entire blade. These are a lead angle of 
1 = 50° and a tilt angle of τ1 = 10°. The tilt and lead angles 
for the compensated blades (blade 3 and 4) were chosen in a 
way that the value for ΔSGCV was near zero (see section 
2.2.1). This resulted in lead and tilt angles of 𝜆𝜆1 = 50° and 
𝜏𝜏1 = 10° respectively for surface 1. For surface 2 the lead 
angle is 𝜆𝜆1 = 30° and the according tilt angle is 𝜏𝜏1 = 50°.  
4. Results and discussion 
For the experimental analysis, both the probed points of 
the CMM measurement of the manufactured blades and the 
re-contoured blades were taken into account. The blades 
were probed within a grid of 19 x 29 points on one side of 
the blade, resulting in a total of 551 measuring points. As 
only the blade distortion was examined, the re-contouring 
area has been excluded from the analysis. In order to analyze 
re-contouring-induced part distortion, measuring points 
before and after re-contouring were subtracted from each 
other. After re-contouring, all blades showed a qualitatively 
similar distribution of part distortion. The point clouds, 
shown in Fig. 8 a and b, represent the average of the two 
experiments for each process, conventional and compensated 
strategy.  
 
Fig. 8. Comparison of the measured part distortion of (a) the uncompensated 
and (b) the compensated blade. 
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Results reveal part distortions defined by the blade side 
with the larger re-contouring area (see Fig. 6 a). The 
compressive residual stresses result in a contraction of the 
sub-surface on that side. That explains the convex shape on 
the opposite side of the blade with the smaller re-contouring 
area.  
The remaining distortion is caused by the following 
circumstances. Due to the production tolerances, the 
positions of the circular surveys were different. The applied 
method is based on the idea that internal loads (residual 
stresses) that cause the deformation of the blade are balanced 
between both sides of the blade in such a way that the 
deformation equals to zero. Nevertheless, the method 
disregards the structural mechanics of the part that, for 
instance, includes the geometrical moment of inertia. This 
provides different behavior of the part depending on the point 
of load.  
The process for each side may be divided into several 
points of load along the tool path. Due to the bigger spread 
of the survey on blade side 2, the points of load lie closer to 
the edges of the blade, which causes a difference in the 
equivalent load compared to the opposite side and therefore 
a part deformation unequal to zero after re-contouring.  
Same is the reason for the forecast error in the prediction 
of part distortion depicted in Fig. 1. However, the impact of 
this effect is not as significant as the balance of the 
equilibration of the internal loads. That is the reason for the 
successful compensation of the part distortion for blade 2. 
Quantitatively, the results reveal a maximum part distortion 
of ΔPV = 22 µm for blade 1 and ΔPV = 28 µm for blade 2. 
This is an improvement of shape accuracy of 21% compared 
to a conventional strategy. 
5. Conclusion  
This paper presents a novel method for the compensation 
of part distortions within process planning for re-contouring 
of thin-walled workpieces. The technique includes an 
optimization of tool angles in 5-axis re-contouring. It is 
based on the re-contouring areas as well as the simulated 
surface generating cut volume (SGCV). The second part of 
the method relates to the safe implementation of the tool 
angles in an automatic tool path modification. The re-
contouring of two blades shows that the method allows a 
compensation of part distortion of 21% compared to a 
conventional process. Currently, the method is based on the 
equilibrium of internal loads. In future work, the structural 
mechanics of the part will be taken into account in order to 
improve the accuracy of the method.  
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